We have theoretically investigated two luminescent metal-organic frameworks, (a) [Zn(cin) 
INTRODUCTION
Metal-organic frameworks (MOFs) are highly crystalline supramolecular solids which display "strong bonding providing robustness and linking units that are available for modification by organic synthesis." 1 These supramolecular solids have a variety of remarkable characteristics such as their ability to form geometrically well-defined structures, porosities, and nanocomposites, and their potential properties as multifunctional luminescent materials. 2 MOFs have been studied in a wide range of fields, with multiple foci on ion exchange, molecular recognition, adsorption, fluorescence, catalysis, magnetism, and biomedicine. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] An ISI Web of Science search (retrieved March, 2011) found 12 717 reports of MOFs, in which 1337 MOFs were luminescent (about 10%). 2 Great interest has been focused on luminescent MOFs because the hybrid organic-inorganic nature of MOFs enables a wide range of emissive phenomena. Meanwhile, in the field of supramolecular photochemistry, it has become a central problem to design and * Authors to whom correspondence should be addressed. synthesize more effective functional luminescent materials by tuning intermolecular and intramolecular interactions within MOFs. 13 14 Recently, Jiang et al. 15 synthesized eleven MOFs with similar structures. Of these, two coordination polymers constructed from the same ligands have caught our attention: (a) [Zn(cin) 2 O , where cin = cinnamate anion and L 1 = 1,1 -(1,4-butanediyl)bis(2-methylbenzimidazole). The experimental results indicated that both of the polymers emit blue light and that intermolecular hydrogen bonds can be formed between the polymeric chains and lattice water molecules. In addition, crystallographic data (CCDC-656673 for a, -656675 for b) and electronic spectra for these species was reported. Based on the spectral data, the researchers hypothesized that the origin of luminescence corresponds to charge transition and the intraligand transition.
As supermolecules, MOFs contain abundant O H and N H bonds, and thus hydrogen bonds can easily be formed between MOFs and guest molecules (intermolecularly), or within the MOF intraligand and interligand framework (intramolecularly). In supramolecular systems, 24 25 Hydrogen donor and acceptor molecules experience reorganization because of significant changes in the charge distribution when photoexcited to different electronic states. This process is defined as excitedstate hydrogen bonding dynamics (ESHBD) and occurs on ultrafast timescales of hundreds of femtoseconds. 26 Therefore, femtosecond time-resolved spectroscopic techniques, which include femtosecond vibrational, transient absorption, and time-resolved fluorescence spectroscopy, have been widely used to monitor the ultrafast dynamical behavior. 26 27 However, as a consequence of the limited time-resolution of the femtosecond laser pulse and coupling between the electronic excitation and ESHBD, using only ultrafast spectroscopy may not be able to provide enough detail to fully understand the dynamics behavior. [28] [29] [30] [31] Fortunately, time-dependent density functional theory (TDDFT) has proven to be a reliable tool to gain insight into the nature of the early-time hydrogen bonding in electronically excited states. [32] [33] [34] [35] [36] [37] [38] [39] To our knowledge, little is known about hydrogenbonding dynamics in the excited electronic states of MOFs. Since there are very strong intermolecular hydrogen bonds within the above two polymers, they can be considered as a good model for studying the excited-state hydrogen bond. Our study focuses on: (1) the ESHBD of MOFs; (2) the effects of excited-state hydrogen bonding on the charge transition and luminescent properties; and (3) the origin of luminescence.
In order to solve these problems, we have employed density functional theory (DFT) and TDDFT methods to calculate electronic spectra for the polymers. An analysis of the frontier molecular orbitals and the electron configurations has been used to investigate the origin of luminescence. In addition, we have studied excited-state hydrogen bonding by monitoring the excitation energy changes between the isolated monomer and the hydrogen-bonded complex in the low-lying electronically excited states. Moreover, we have further explored the relationship between excitedstate hydrogen bonding and luminescent properties.
COMPUTATIONAL METHODS
To avoid the complexity of periodic structures, polymers a and b are truncated into representative hydrogen-bonded complexes for theoretical computation. 40 On the basis of these geometries, time-dependent density functional theory calculations with Becke's exchange function with LeeYang-Parr gradient-corrected correlation functional (BLYP functional) were performed. The triple-plus a single p-type set of polarization functions (TZP) was chosen for the basis set throughout. All the electronic structure calculations were performed with the ADF program suite.
RESULTS AND DISCUSSION

Geometric Conformations and Electronic Spectra
As shown in Figure 1 , the ground-state geometries obtained from the truncated X-ray structural data of polymers a and b are denoted as A-H 2 O, B-H 2 O, and 2B-H 2 O. In the structure of A, each central zinc atom is coordinated with two L 1 ligands and two cin anions, presenting a "distorted tetrahedral coordination geometry." For the isolated B monomer, the structure formed by two L 1 ligands and two cin anions shows a "distorted octahedron," in which the cin anion reveals a "bidentate chelating coordination mode." 15 However, for the hydrogen-bonded A-H 2 O dimer, an intermolecular hydrogen bond C O· · · H is formed between the carboxylate O atom of the cin anion and the hydrogen atom of one water molecule. In the structure of polymer b, two adjacent primary parts of the polymer are bridged by hydrogen bonds between the cin ligands and lattice water molecules, and therefore we truncated polymer b into both the hydrogen-bonded B-H 2 O dimer and the 2B-H 2 O trimer for the calculations. Figure 2 shows that excitation maxima occur at 365, 312, and 330 nm for A-H 2 O, B-H 2 O, and 2B-H 2 O, respectively. Excitation maxima at 358 nm for polymer Table II . Meanwhile, Figure 3 shows the HOMO and LUMO for the A-H 2 O and 2B-H 2 O are mostly composed of n orbitals of O atoms of the cin ligands and * orbitals of C atoms of the L 1 ligands, respectively. Therefore, it is obvious that the S 1 states of the two complexes have n- * character. In addition, for the A-H 2 O complex, the HOMO electron density is localized on the cin ligand and the water molecule, while the LUMO electron density is entirely localized on the L 1 ligand. Thus, the S 1 state can be assigned as an intermolecular charge transfer (ICT) state, where the intermolecular electron transfer (ET) may take place through the hydrogen bond C O· · · H. 24 26 Moreover, it can be noted that the origin of luminescence is dominated by the ligand-to-ligand charge transfer (LLCT) transition. Similarly, for the doubly hydrogen-bonded 2B-H 2 O complex, the electron densities of the HOMO and LUMO are localized in the cin ligands of two B moieties (2B) and the L 1 ligand of a single B moiety, respectively. Therefore, the S 1 state of 2B-H 2 O is also confirmed as an ICT state and luminescence is attributed to the LLCT feature. Furthermore, we observe decreased electron density on the carboxy group in the LUMO in comparison to the HOMO for both compounds. This indicates that the hydrogen bond could be weakened in the S 1 state.
Hydrogen Bond Weakening and Luminescent Properties
The electronic excitation energies and corresponding oscillator strengths of the hydrogen-bonded A-H 2 O dimer, B-H 2 O dimer, and 2B-H 2 O, as well as the isolated A and B monomers, were calculated using the TDDFT method. The results are presented in Table II . It can be noted that the electronic excitation energies for the S 1 -S 8 states are higher for the A-H 2 O dimer complex than for the A monomer. However, the S 9 -S 12 excited states are lower in energy for the dimer. In other words, the intermolecular C O· · · H hydrogen bond induces a blueshift in the electronic spectra for the S 1 -S 8 states and a redshift in the electronic spectra for the S 9 -S 12 states. However, for the dihydrogen-bonded 2B-H 2 O complex, all the electronic excitation energies for the S 1 -S 12 excited states are higher in energy in comparison to the B monomer, resulting in blueshifts in all the spectra for the S 1 -S 12 states. Zhao et al. 32 have illustrated that hydrogen bond strengthening (weakening) can lower (heighten) the excitation energy of the corresponding excited states, and therefore induce electronic spectral redshifts (blueshifts). This rule inspired us to predict the excited-state hydrogen bond strengthening and weakening behavior by monitoring changes in the excitation energy. On this basis, we conclude that the hydrogen bonds in the S 1 bonds in the S 1 state can decrease the electronic coupling between the isolated A and H 2 O monomers. As a result, the photoinduced ET (PET) process through the intermolecular hydrogen bond would be weakened and fluorescence of the A-H 2 O compound would be enhanced. At the same time, hydrogen bond weakening in the S 1 state increases the related excitation energies, which facilitates the radiative deactivation of the fluorescent state via fluorescence and correspondingly decreases the quantum yields of the radiationless deactivation via internal conversion (IC). 41 In summary, we conclude that PET and IC weakening jointly assist radiative deactivation via fluorescence. In a similar fashion, the fluorescence deactivation of the excited-state 2B-H 2 O trimer is also facilitated. Moreover, we find that the hydrogen bond is more significantly weakened in the S 1 state of 2B-H 2 O than in A-H 2 O, which results in the PET and IC processes of the 2B-H 2 O complex are more distinctly weakened than in A-H 2 O. Therefore, the 2B-H 2 O complex may be more promising as an effective luminescent material than the A-H 2 O complex.
CONCLUSIONS
In this study, TDDFT calculations have been performed on the three hydrogen-bonded A-H 2 O, B-H 2 O, and 2B-H 2 O complex structures as well as the A and B monomers adapted from truncated X-ray structural data. We found the calculated results for the A-H 2 O and 2B-H 2 O complexes to be in good agreement with previously reported spectral results of the full polymers. The good experimental agreement lends validity to our approach of using the truncated A-H 2 O dimer and 2B-H 2 O trimer structures in theoretical calculations to gain insight into the electronic properties of the MOFs. Because MOFs have various modes for generating luminescence, including MLCT, LMCT, LLCT, MMCT, etc., (M = metal, L = ligand, CT = charge transfer) experimental methods alone cannot provide enough information to clearly understand the origin of fluorescence. Herein, we studied the frontier molecular orbitals and electron configurations of the A-H 2 O and 2B-H 2 O complexes, and found that their S 1 states correspond to the HOMO to LUMO orbital transition, which has ICT character. Furthermore, the origin of luminescence can be dominantly described as the LLCT transition.
In addition, it was indicated that all the electronic excitation energies for the S 1 -S 8 states of the hydrogen-bonded complexes are higher than the related isolated monomers. Accordingly, it can be inferred that in the S 1 -S 8 states, the hydrogen bonds of the A-H 2 O and 2B-H 2 O are weaker than those in the ground states.
Further observations revealed that hydrogen bond weakening in the excited states of the A-H 2 O and 2B-H 2 O compounds can decrease the PET process. On the other hand, hydrogen bond weakening also decreases the extent of internal conversion from the fluorescent state to the ground state. Consequently, the radiative deactivation of the fluorescence is significantly enhanced. Moreover, we have also found that the excited-state hydrogen bonds of 2B-H 2 O were more significantly weakened than in A-H 2 O, which indicates that polymer b should be more promising as a potential luminescent material. It is anticipated that our results will aid scientists in the precise design and synthesis of multifunctional luminescent materials by tuning hydrogen bonding interactions within MOFs. [42] [43] [44] [45] [46] [47] Delivered by Publishing 
